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ABSTRACT

Growth of an intermetallic compound (IMC) plays a critical role in the reliability of flip-chip solder joints. It has been found that IMC
growth is accelerated on the anode and inhibited on the cathode during electromigration (EM), although there are discrepancies in the
relevant literature. In this study, Cu/Sn3.0Ag0.5Cu/Cu solder joints were examined by EM under a current density of 1� 104 A=cm2 at
150 °C; an aging test was conducted at 150 °C to compare the EM results. Cu atoms are the dominant diffusion species that
migrate from the cathode to the anode during EM. The increase in IMC thickness at the anode is divided into two stages: during stage
1, the IMC thickness first grows with a gradual linear tendency, followed by retarded IMC growth. During stage 2, the EM driving
force dominates IMC growth because of the high IMC thickness after stage 1, inducing a lower Cu concentration gradient and decreas-
ing the driving force of the chemical potential. At the cathode, the IMC thickness fluctuates between two threshold values. This phe-
nomenon is attributed to the competition between the effects of chemical potential and EM on IMC growth. In the initial stage, the
chemical potential is sufficiently large to induce considerable Cu flux from the Cu underbump metallization into the Sn solder, induc-
ing IMC growth. When the IMC becomes too thick to significantly reduce the chemical potential, a substantial number of Cu atoms
migrate via EM, reducing the IMC thickness at the cathode. However, when IMC thickness decreases, the chemical potential again
increases and enhances IMC growth. Therefore, thresholds 1 and 2 may be set based on changes observed in the IMC thickness at
the cathode during EM. These findings elucidate the polarity effect in intermetallic compounds, and its effect on the stability of
solder joints.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5124716

I. INTRODUCTION

Flip-chip technology is widely used in electronic devices, such
as smartphones, laptops, and intelligent equipment.1–3 With the
miniaturization of electronic devices, reduction in the solder bump
size has led to significant issues related to reliability. In particular,
when the diameter of a solder bump is reduced to 20 μm, it suffers
from high current density.4 Hence, electromigration (EM) is a criti-
cal concern in flip-chip solder joints.5–7

Electromigration is described as the mass transport of atoms
driven by momentum transfer from the electrons of material ions

under an electric current, causing atomic migration from the
cathodic to the anodic side.8 Since Brandenburg et al.9 published
the first paper about EM failure in flip-chip Sn37Pb solder joints in
1998, EM has become a key reliability issue. Various aspects of
EM have since been studied. For example, Brandenburg et al.
found that Pb atoms migrated with the electron flow to the anode
side, causing a typical phase separation phenomenon in a tin-lead
solder at temperatures above 100 °C.9 Phase coarsening is another
inevitable issue caused by substantial Joule heating resulting
from the high current density; this also has a negative impact on
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reliability. Moreover, the formation of voids was observed at
current crowding regions in the interface during EM; this was
attributed to concentrated flux divergence and significant con-
sumption of underbump metallization (UBM).10–12

In Sn-rich solder bumps, EM induces the migration of
atoms in the UBM from the cathode side and the accumulation
of migrated atoms at the anode side. The latter induces consider-
able growth of an intermetallic compound (IMC) at the anode
side, and the former induces IMC decomposition and significant
UBM dissolution at the cathode side, which is known as the
polarity effect.10,13,14 High IMC thickness presents a critical
reliability issue for solder joints due to its brittleness.15–17

Simultaneously, UBM dissolution and void formation at the
cathode side leads to a rapid increase in resistivity, and even
an open circuit. Therefore, the polarity effect results in EM reli-
ability issues.

The polarity effect has been observed repeatedly, and the
majority of studies indicate that IMC growth is inhibited on
the cathode side, while the growth rate of IMC is enhanced on
the anode side.18,19 However, Chen et al. found that the IMC
thickness of Cu/Sn/Cu on the cathode side increased with time
under a current density of 5 × 103 A/cm2 at 150 °C, which was
also observed in other studies.20,21 Therefore, although the polar-
ity effect plays a significant role on EM, it is not yet completely
understood.

The effect of EM in the Cu/SAC/Cu structure has been
previously studied, and voids have been observed in the current
crowding area after EM for 75 h. The current was gradually dis-
placed to the surrounding areas, resulting in the further growth of
voids.22,23 The fracture surface after EM was studied by Wu et al.,24

who found that the interface became brittle and less plastic defor-
mation was observed for extended EM times. However, investiga-
tions on the polarity effect on the Cu/SAC/Cu structure are
relatively limited, only and Gan and Tu put forward a systematic
study, though using an experimental time scale that only focused
on the first 150 h.18 Therefore, an extension of the experimental
time scale could not only provide much more abundant data to elu-
cidate the polarity effect mechanism, but also test the reliability of
the Cu/SAC/Cu structure, which is useful in real industrial
manufacturing.

In this study, EM tests were conducted on daisy-chain struc-
tured solder joints, Cu/Sn-3.0Ag-0.5Cu (SAC, in wt. %)/Cu. The
polarity effect on changes in IMC thickness at the cathode and
anode was examined in detail.

II. EXPERIMENTAL PROCEDURES

To prepare the solder bump interconnected configuration,
two FR4-printed circuit boards (PCBs) were employed as the chip
and the substrate, and their dimensions were 15 × 15 × 1mm3 and
60 × 60 × 1 mm3, respectively. The Cu trace is 0.63 mm wide and
0.025 mm thick; the Cu pads have a diameter of 0.25 mm. The
structure of the connection is shown in Fig. 1(a). The width of the
pitch between each solder bump is 2.2 mm. The SAC paste (Senju
Metal Industry Co., LTD, Tokyo, Japan) was printed on the Cu
pads of the substrate using the mask, at a thickness of 0.1 mm. The
chip was then flipped down, aligned, and attached with the

substrate, and the chip and the substrate were placed together in a
reflow oven (SANYO SEIKO SK5000). In this study, a reflow
profile [Fig. 1(b)], referring to the previous studies,25,26 was used to
assemble the flip-chip solder joints.

During the EM test, the current did not flow through the first
and last bumps, which were used for isothermal aging tests without
EM. The direct-current power supply applied a constant current
with a current density of 1 × 104 A/cm2 in each solder bump.
Figure 1(c) shows an assembled schematic of the chip and substrate
connected by 6 solder bumps with the electron flow in the cross-
sectional view. The period of the EM tests was from 0 h to 250 h, at
150 °C on the heater.

The cross-sectional microstructures of each bump were
observed using a scanning electron microscope (SEM) equipped
with the elements to be identified through energy dispersive X-ray
analysis (EDS) (FESEM, Hitachi SU-70). IMC thickness was mea-
sured using ImageJ software.

III. RESULTS AND DISCUSSION

A. IMC growth kinetics under isothermal aging testing

To determine the IMC growth behavior through EM testing,
isothermal aging tests were conducted. In Fig. 2(a), the Cu-Sn IMC

FIG. 1. (a) The structure of an SAC solder bump with FR-4 substrates. (b)
Reflow profile. (c) Daisy-chain layout of solder bumps and the electron flow
during electromigration tests.
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FIG. 2. SEM images of the Sn/Cu
interfaces after isothermal aging at
150 °C for (a) 0 h, (b) 25 h, (c) 50 h,
(d)100 h, (e) 200 h, and (f ) 225 h; (g)
The changes of IMC thickness with the
square root of the aging times (t0.5).
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is shown as a scallop shape, following the growth mechanism that
was introduced by Ma.27 After reflowing, the IMC was identified
as Cu6Sn5 by EDS. In addition, a layer of Cu3Sn was formed
between Cu and Cu6Sn5; however, this was too thin to be detected
by EDS. After aging for 25 h, the IMC was gradually changed
from the scallop type to the layer type, owing to the interdiffusion
of Cu and Sn (Fig. 2). At the beginning stage, the IMC growth,
from 2.71 μm to 3.93 μm, was rapid after aging at 150 °C for 25 h
[Figs. 2(a) and 2(b)]. The IMC thickness after 100 h aging was
found to be approximately twice the thickness of as-reflowed
solder bumps [Fig. 2(d)]. However, there was a significant drop in
the growth rate of the IMC, with an increase in aging time. The
IMC thickness grew by only 0.2 μm from 200 h to 225 h of aging
[Figs. 2(e) and 2(f )], which was approximately five times lower
than that from 25 h to 50 h [Figs. 2(b) and 2(c)]. The IMC thick-
ness changes with aging time are shown in Fig. 2(g).

During isothermal aging, the IMC growth with time [X(t)]
can be expressed by19

X(t) ¼ x0 þ Ktn, (1)

where X(t) is the IMC thickness after aging for t h, x0 is the initial
IMC thickness after the reflow process, K is the growth rate cons-
tant, and n is the time exponent.

In Fig. 2(g), K is calculated to be 0.22 μm/h−2 and n is 0.527,
which is close to 0.5, thus implying that the growth of the IMC has
a parabolic relationship with time.

In the case of thermal aging, the chemical potential is the
driving force inducing Cu diffusion via the IMC layer,18 as shown
in Fig. 3. The Cu flux induced by the chemical potential can be
expressed as5

Jchem ¼ �D
dw
dx

, (2)

where D is a constant of the Cu diffusivity in Cu-Sn IMC, and dw
dx is

the gradient of Cu concentration. Initially, Jchem is very large
because the IMC thickness dx is very low. With the increase in
IMC thickness, the low dw

dx induced a low Jchem. In addition, we

assume that the diffusion length is equal to the IMC thickness X(t)
and can be expressed as28

X(t) ¼
ffiffiffiffiffi

Dt
p

, (3)

where D is the diffusion constant (cm2/s) and t is the diffusion
time. Therefore, we understand that ΔX and t1/2 have a linear rela-
tionship, and the parabolic tendency of the IMC growth is
reasonable.

B. IMC growth at the anode

During EM, the IMC thickness at the anode always increases
with time.18 The microstructural changes over time are illustrated
in Fig. 4. After 25 h, the thickness of the IMC approached 4.5 μm
[Fig. 4(b)]. In addition, IMC growth [ΔX = 7.4 μm, Fig. 4(c)] on
the anode was faster than that [ΔX = 5.15 μm, Fig. 2(e)] of iso-
thermal aging after 200 h. With increasing time, this difference
becomes increasingly significant. The Cu substrate was not con-
sumed during EM, which implies that the Cu atoms inducing
rapid IMC growth did not originate from the Cu substrate on the
anode, as shown in Fig. 4(d). The IMC thickness of the anode
side with time (t) during EM is shown in Fig. 4(e). The growth
rate was clearly divided into two stages. In stage 1 (0–100 h), the
IMC grew rapidly, which was followed by a slow and linear
profile in stage 2 (100–250 h). EM and the chemical potential
were the driving forces for IMC growth at the anode. The latter
induced Cu diffusion from the Cu UBM of the anode, and the
former induced Cu interstitial diffusion via Sn from the Cu UBM
of the cathode. In stage 1, two driving forces carry a considerable
number of Cu atoms toward the anode side. With the passage of
time, a much thicker IMC reduces the concentration gradient dw

dx
by chemical potential, as shown in Eq. (3). The effect of the
chemical potential on IMC growth is gradually reduced and may
eventually be neglected. In other words, EM is the dominant
driving force for the atomic flux of Cu in stage 2.

The EM Cu flux can be expressed as5

JEM ¼ C
D
KT

Z*eρj, (4)

where Z* is the effective charge number, e is the electron charge, C
is the atomic concentration, k is the Boltzmann constant, T is the
average thermal energy, ρ is the resistivity, and j is the current
density used in the experiments. The parameters used for the calcu-
lation are summarized in Table I. According to Ref. 29, the concen-
tration C is approximately 1.88 × 1020 atom/cm3. In this study,
JEM was about 8.4 × 1012 atoms/cm2 s. The total mass of the IMC
growth from 100 to 250 h is calculated using the following
equation:28

M ¼ V � D ¼ d � A� D, (5)

where M and V are the changes in the mass and volume of Cu6Sn5
during stage 2 (100–250 h), respectively; D is the density of Cu6Sn5,
8.28 g/cm3;30 d is the thickness change of IMC during 100–250 h;
and A is the cross-sectional area of 4.9 × 10−4 cm2. The average
thickness growth of IMC was 1.43 μm in stage 2. Thus, the mass of

FIG. 3. Schematic diagram of the Cu flux of chemical potential during isother-
mal aging.
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FIG. 4. SEM images of the Sn/Cu
interfaces at the anode during electro-
migration for (a) 0 h, (b) 25 h, (c)
200 h, and (d) 400 h; (e) Thickness
change of IMC at the anode with EM
time.

TABLE I. Material properties in this study.

Phase
Diffusivity
(cm2/s)1 Z*

JEM
(A/cm2)

ρ
(μΩ cm)33

kT at
150 °C

Cu 2.29 × 10−35 — 1 × 104 1.7 5.83 × 10−21

Cu6Sn5 7.04 × 10−12 261 8.9
Sn3.0Ag0.5Cu 4.09 × 10−9 3.2532 12.3
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Cu6Sn5 was 5.8 × 10−7 g. The amount of Cu atoms in the Cu6Sn5
IMC was 2.15 × 1015. On the other hand, the mass transport of Cu
atoms induced by EM is calculated by

NEM ¼ JEM � A� T , (6)

where JEM was approximately 8.4 × 1012 atom/cm2 s, NEM was the
number of Cu atoms induced by EM, T was the EM time, and A was
the cross-sectional area. The value of NEM was 2.22 × 1015 atoms;
it can be assumed to be approximately equal to the amount of Cu
atoms in the Cu6Sn5 IMC formation, 2.15 × 1015. Thus, IMC growth
at the anode in stage 2 was dominated by EM. In contrast, the
change in the mass of Cu6Sn5 at the anode in stage 1 (0–100 h) was
1.68 × 10−6 g, i.e., the amount of Cu atoms was 6.2 × 1015.
Nevertheless, the EM induced Cu migration from the cathode to
anode was 1.48 × 1015, as calculated using Eq. (6). Consequently, the
Cu atoms in IMC growth did not only originate from EM but also
from the chemical potential in stage 1. In other words, the chemical
potential and EM both influence IMC growth in the initial stage
during EM. In addition, if Cu flux is dominated by the chemical
potential, n is 0.5, which is the same as the result for thermal aging.
If Cu flux is dominated by EM, then n is ∼1.0.18 From Eq. (1), the
n values for stages 1 and 2 are 0.79 and 0.97, respectively. As a result,
stage 2 is believed to be dominated by EM, and the effect of the
chemical potential is limited. Conversely, the EM and chemical
potential both hypothetically affect IMC formation, which is why the
n (0.79) of stage 1 is between that of aging (0.5) and EM (0.97), as
given in the following expression:

Jtotal ¼ JEM þ JChem: (7)

The different diffusion models in stages 1 and 2 are shown in
Figs. 5(a) and 5(b), respectively.

In certain previous studies, IMC thickness at the anode exhib-
ited a parabolic tendency with time;18 however, a linear tendency
was observed in other studies.31 This mechanism can be completely
understood using our results. The polarity effect is commonly
observed during EM. IMC formation at the anode and IMC and
UBM dissolution at the cathode are described and discussed in
Sec. III C.

C. IMC growth at the cathode

The IMC gradually became thinner during EM, as shown
in Fig. 6. Although IMC growth from 2.71 [Fig. 6(a)] to 3 μm
[Fig. 6(b)] was observed at the cathode after 25 h of EM, the
growth rate at the cathode was much lower than that at the anode
[Fig. 4(b)] and that after aging [Fig. 2(b)] for 25 h. This is because
the IMC increase due to the chemical potential was higher than the
IMC reduction caused by EM in the initial stage (0–25 h), when
the IMC was so thin that the concentration gradient was enough to
induce IMC growth.19 Afterward, the IMC thickness showed a
decreasing trend, which corresponded with a decrease in thickness
from 3.06 μm [50 h, Fig. 6(c)] to 2.85 μm [250 h, Fig. 6(d)].
Moreover, the Cu substrate at the cathode showed significant con-
sumption [Fig. 4(d)].

Variations in IMC thickness at the cathode with time during
EM are shown in Fig. 6(e). The range 50–150 h may be defined as
stage 2, where the IMC thickness decreases from 3.06 to 2.91 μm.
Stage 1 is from 0 h to 50 h, wherein the IMC thickness increased.
Interestingly, in stage 3 (150 h–200 h), an increase in IMC thickness
was observed again and was followed by stage 4, which showed a
reduction in IMC thickness.

During EM at the cathode (Fig. 7), the total Cu flux on the
IMC can be expressed as

Jtotal ¼ JEM
1 þ JChem � JEM

2: (8)

From Eqs. (2) and (4),

Jtotal ¼ C
D1

KT
Z*eρjþ D1

dw
dx

� C
D2

KT
Z*eρj, (9)

where D1 (Cu diffusivity in Cu6Sn5) and D2 (Cu diffusivity in Sn)
are 7.04 × 10−12 and 2.44 × 10−8,1 respectively. JEM

1 can be ignored,
as it differs from JEM

2 by four orders of magnitude. Finally, this
equation can be simplified as

Jtotal ¼ D2
dw
dx

� C
D2

KT
Z*eρj: (10)

At the anode, after 25 h EM in stage 1 [Fig. 4(b)], the increase
in IMC thickness is 1.77 μm. From Eq. (5), the mass of Cu6Sn5 is

FIG. 5. Schematic diagram of Cu fluxes at the anode during (a) stage 1 and (b)
stage 2.
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7.18 × 10−8 g, and the number of Cu atoms is 2.6 × 1015. As men-
tioned previously, JEM is 3.65 × 1014 atoms at the anode. Hence, there
are 2.29 × 1015 atoms from JChem at the anode in stage 1. We assume
that JEM at the anode is equal to JEM

2 and that IMC growth in stage 1
at the cathode is reasonable because its JChem was much higher than
JEM

2. However, JChem is in the opposite direction to JEM
2, and its

growth rate is lower than that at the anode, where the directions of
the JChem and JEM are identical. When the IMC growth reaches
threshold 1, the low chemical potential, which results from a thick
IMC, induces IMC reduction, i.e., JEM

2 is higher than JChem, as shown

in stage 2 of Fig. 6(e). Threshold 2 is caused by IMC reduction
between 50 h and 150 h (stage 2), which enhances the concentration
gradient of JChem at the cathode. The periodic nature of changes in
the IMC thickness between thresholds 1 and 2 has not been observed
in other studies. This might be due to the fact that previous EM tests
focused only on the first 150 h.18 Again, IMC growth was observed in
stage 3, as shown in Fig. 6(e), until the IMC thickness approached
threshold 1, at which point it entered stage 4.

These types of phenomena occurred repeatedly with an
increase in the EM time, inducing the dissolution of Cu UBM and

FIG. 6. SEM images of the Sn/Cu
interfaces at the cathode during elec-
tromigration for (a) 0 h, (b) 25 h, (c)
50 h, and (d) 250 h; (e) Thickness
change of IMC with EM time.
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void formations at the cathode, as shown in Fig. 4(d). Furthermore,
the void formations and UBM dissolutions at the cathode are
challenges that increase resistivity and even lead to the failure of
solder joints. This indicates that the investigation of these mecha-
nisms over long time scales is crucial to the stable manufacture of
solder joints.

IV. CONCLUSION

Changes in IMC thickness in Cu/Sn3.0Ag0.5Cu/Cu solder
joints at different stages during EM under a current density of
1� 104 A=cm2 at 150 °C were examined. Through thermal aging,
IMC growth was found to show a parabolic tendency, and ΔX and
t1/2 form a linear relationship coincident with the equation of
diffusion length, X(t) ¼ ffiffiffiffiffi

Dt
p

. In addition, an n of 0.527 is evidence
of a parabolic trend with time. During EM, the rapid IMC
growth in stage 1 is followed by linear growth in stage 2 at the
anode. An n value of 0.79 (i.e., between 0.5 and 1.0) indicates that
Jchem and JEM simultaneously dominate IMC growth at the anode.
However, with an increase in the EM time, a thick IMC layer

formed in stage 1, resulting in a limitation of Jchem due to a low
concentration gradient. EM was the driving force that dominated
the linear growth in stage 2. Conversely, the IMC thickness at the
cathode increased in stage 1, where JChem > JEM

2≫ JEM
1. After reach-

ing threshold 1, changes in the IMC thickness (increase/decrease)
were caused by the limited effect of the driving force of the chemical
potential in stage 2 at the cathode. The essential findings in this
study are that threshold 2 is followed by an increase in the IMC
thickness at the cathode, which continues until the IMC thickness
reaches threshold 1, and the IMC growth enters stage 4. The phe-
nomena described in these stages occurred repeatedly with increasing
EM time, inducing UBM dissolutions and void formations at the
cathode. These long time scale findings are crucial to understand the
polarity effect that occurs during EM in solder joints.
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